ABSTRACT In the past, poultry nutrition has focussed on increasing the production efficiency to meet the progress achieved in the genetic potential of broilers and layers. Future directions in poultry nutrition will be driven by not only by the need to maximise biological and economic performance of birds, but also by societal issues (environment, antibiotic growth promoters, welfare, traceability and use of genetically modified ingredients). Key advances in poultry nutrition are discussed and future directions, which can be expected, are highlighted. Given the tightening supply and ever-increasing cost of raw materials, there will be more pressure to extract every unit of energy and nutrients from feed ingredients. In this context, a number of feed additives are expected to play an increasingly significant role. Feed enzymes and crystalline amino acids, in particular, will have a profound effect on future sustainability of the poultry industry. Future nutritional research need to focus on identifying the barriers to effective digestion and utilisation of nutrients and, to achieve this objective, nutritionists must combine their expertise with those of specialising in other biological sciences, including immunology, microbiology, histology and molecular biology.
INTRODUCTION
Poultry industry has advanced remarkably over the past 50 years. In particular, poultry meat production has undoubtedly been the most successful of any animal industry. Production standards of broilers and layers have continually improved over this period, with male broilers currently reaching a live weight of 2.5 kg at 33～35 d of age and white egg layers capable of producing 330 eggs in 52 weeks of lay. Genetic selection brought about by commercial breeding companies is responsible for bulk (85～90%) of the improvements in broiler growth and advances in nutritional management have provided 10～15% of the changes (Havenstein et al., 2003) .
The need to achieve and sustain the improvements in genetic potential was the driving force behind the advances in poultry nutrition and, there had been continuous refinement in the nutrition and feeding practices of commercial poultry. Compiling an overview of the advances in nutrition over the past 50 years is a daunting task and beyond the scope of this overview. In this paper, only the key advances in poultry nutrition are discussed and the focus will be on three main categories:
(i) to develop an understanding of nutrient metabolism and nutrient requirements, (ii) to determine the supply and availability of nutrients in feed ingredients, and (iii) to formulate least-cost diets that bring nutrient requirements and nutrient supply together in an effective manner. A detailed discussion of the advances in poultry nutrition can be found in Ravindran (2011) . The overall aim is precision feeding to lower costs and maximise economic efficiency. In the past, there had been a tendency to over-formulate diets when doubts exist on the availability of critical nutrients (especially amino acids and phosphorus) or if the nutrient requirement was uncertain. This practice is no longer acceptable because this is not only wasteful, but also excess nutrients are excreted in the manure and are ultimately a source of pollution. By 'fine tuning' diets that more closely match the requirements of the bird, the efficiency of nutrient utilisation can be optimised. In this paper, it is not the intention to review the available literature on the progress of poultry nutrition research, but instead to provide a critical overview of past advances and future directions in poultry nutrition research.
MAJOR ADVANCES IN POULTRY NUTRITION

Defining Nutrient Requirements
A major challenge in defining the nutrient needs is the fact that they are influenced by a number of factors and are subject to constant changes. Nutrient requirements are influenced by two main factors, namely bird-related factors (genetics, sex and, type and stage of production) and external factors (thermal environment, stress, husbandry conditions). Precision in defining requirements involves accuracy at both these levels. Requirements of major nutrients for various classes of poultry are now available and these developments are made possible largely because of increasing uniformity of genotypes, housing and husbandry practices in the poultry industry.
Historically, the industry has utilised the nutrient requirements recommended in the publication by National research Council (NRC). The most recent publication on poultry was in 1994 and now 16 years old, which is a long period given the genetic advances that have been made in both broilers and layers over this period. Currently the recommendations suggested by commercial breeding companies provide guidelines that closely match the requirements of modern bird strains than those recommended by NRC (1994) .
Of all the dietary components, the most expensive and critical are essential amino acids and energy. Defining the requirements for the ten essential amino acids poses considerable degree of difficulty, but has been made easier by the acceptance of ideal protein concept. Like other nutrients, the requirements for amino acids are influenced by various factors, including genetics, sex, physiological status, environment and health status. However, most changes in amino acid requirements do not lead to changes in the relative proportion of the different amino acids. Thus the actual changes in amino acid requirements can be expressed in relation to a balanced protein or 'ideal protein'. The ideal protein concept uses lysine as the reference amino acid and the requirements for other essential amino acids are then set as a percentage (or ratio) of the lysine requirement. The ideal protein balance for meat chickens at different growth phases is shown in Table 1 .
The advantage of this system is once the lysine requirements under a variety of conditions are determined, the needs of all other essential amino acids can be calculated. This approach has now become an accepted practice in the industry to set the amino acid specifications in feed formulations. 
Defining Nutrient Composition and Ingredient Quality
The principal role of feed ingredients is to provide the nutrients that can be digested and utilised for productive functions by the bird. Over the years, enormous volume of data has been generated and compiled on the nutrient composition of raw materials. The variability that is inherent to each raw material is also recognised and such variability places pressure on precise feed formulations. Data on variation (or matrixes) are available for the main feed ingredients and applied in feed formulation packages to achieve better precision. A related development is the availability of rapid tests, such as the near infrared reflectance (NIR) analysis, to predict gross nutrient composition and to access the variability in ingredient supplies on an on-going basis.
However, not all of the nutrients in ingredients are available for production purposes and a portion of nutrients are excreted undigested or not utilised. With advances in feed evaluation techniques, data have been accumulating on the availability of nutrients, especially of amino acids and phosphorus, for poultry.
In the case of amino acids, a recent development had been the wider use of digestible amino acid concentrations, rather than total amino acid concentrations, in feed formulations (Lemme et al., 2004; Ravindran et al., 2005; Bryden et al., 2009 has been the system of choice of describing available energy.
Net energy (NE) system, which is a refinement of the ME concept, has received attention from time to time. However, no real progress has been made in determining the NE of raw materials for poultry. To date, only one large data set of empirically determined NE concentrations of feedstuffs for poultry has been published. In theory, NE will more closely describe the energy available in an ingredient for bird's metabolic functions and is more predictive of animal performance (Pirgozliev and Rose, 1999) . It is, however, difficult to assay, costly and time consuming, and has limited use in the routine screening of ingredients.
Better Feed Formulation
Once the nutritional needs are defined, the next step is to match these needs using combinations of ingredients and supplements. The object of formulation is to derive a balanced diet that will provide appropriate quantities of available nutrients at least cost. Given the range of possible ingredients and nutrients involved, a large number of arithmetical calculations are needed to produce a least-cost diet.
Over the years, feed formulation has evolved from a simple A related development is the use of growth models to simulate feed intake and production parameters under a given husbandry condition. Such models are effective tools to (i) compare actual versus potential performance, which can indicate the extent of management or health problems in the flock, and
(ii) provide economic analysis of alternative feeding regimens.
It must be noted, however, the models are only as good as the datasets used to develop them.
Products of Biotechnology in Poultry Feeding
Progress in biotechnology during the past two decades has offered new opportunities to enhance the productivity and efficiency of animals through improved nutrition. Biotechnologies cover a vast field of applications in animal nutrition.
Some of these applications are already in use (Table 2) as distinct from others whose potentialities are known but are yet to be commercially applied because of technical limitations and public concerns ( Table 3 ).
The growth in acceptance of feed additives in poultry production over the last two decades has been an extraordinary development. In-feed antibiotics have been thus far the most effective and successful additive used by the poultry industry.
One could say that in-feed antibiotics are partly responsible for the performance efficiency currently enjoyed by the industry.
However, the recent mandatory or voluntary removal of infeed antibiotics from poultry diets, spurred by reports of potential antibiotic resistance in humans, is creating a major challenge.
As discussed later, a number of alternatives are being tested and researched, but yet to be broadly accepted by the commercial industry.
Another important additive to enter the animal feed market is exogenous feed enzymes, which have evolved from an undefined entity to a well-accepted tool to improve nutrient utilisation (Bedford and Shultz, 1998) . The availability of glycanases (xylanases/glucanases) in the 1990's has effectively overcome the anti-nutritive effects of non-starch polysaccharides (NSP) and enabled the increased use of viscous grains in poultry diets (Choct, 2006) . Today, the use of these enzymes in wheat and barley-based poultry diets is routine. During the past decade, the use of another enzyme, microbial phytase, in poultry diets is on the increase, in response to concerns over phosphorus pollution from effluents from intensive animal operations (Selle and Ravindran, 2007) . Most recently, carbohydrase enzymes such as xylanases, amylases, and glucanases, 2. Designer ingredients Nutritional enhancement (e.g. high-oil maize, high-methionine lupins) or reduction in the level of anti-nutritive components in common feed ingredients (e.g. low-phytate maize).
Feed additives a) Antimicrobials
To suppress the growth of harmful bacteria and promote the establishment of a desirable gut flora balance (e.g. antibiotics)
b) Crystalline amino acids To increase dietary supply of specific amino acid and improve protein balance in diet formulations.
c) Feed enzymes To improve availability of nutrients (energy, amino acids, phosphorus etc) in feed ingredients by reducing the negative effects of anti-nutritive components (e.g. microbial phytases acting on phytate, xylanases acting on arabinoxylans in wheat).
Gut ecosystem enhancers a) Probiotics
To promote the establishment of a desirable gut ecosystem through the proliferation of beneficial species (e.g. direct-fed microbials).
b) Prebiotics
To competitively exclude harmful organisms and promote the establishment of a desirable gut ecosystem (e.g. mannan oligosaccharides). (Cowieson, 2010) , which contain low levels of NSP.
The availability of crystalline amino acids is another major development and this additive has enabled the nutritionists to more precisely meet the ideal amino acid profile and, to improve the performance and yield of high-producing modern birds.
Feed Processing
The progress in the technology of feed manufacture during the past 50 years represents a major and necessary development in improving bird performance. The technology has progressed from simple mixing of mash feed to pelleting, which involves various physical, chemical and thermal processing operations (Schofiled, 2005) .
Currently, majority of the feed used in the production of broilers is fed in pelleted or crumbled form. Offering feed to poultry in pellet or crumbled form has improved the economics of production by improving feed efficiency and growth performance. These improvements are attributed to decreased feed wastage, higher nutrient density, reduced selective feeding, decreased time and energy spent for eating, destruction of pathogenic organisms and, thermal modification of starch and protein (Behnke, 1996; Amerah et al., 2007) .
Phase Feeding
Phase-feeding, a form of precise-feeding, is another development during the past two decades. This is a feeding system in which dietary amino acid levels are reduced steadily over time in an attempt to reduce costs associated with excess dietary protein or amino acids. Commercial phase feeding programmes may include several phases to step down amino acids and other nutrients for broilers and layers. The number of phases to be implemented in production cycle is dictated by both economics and the practicability.
The wider implementation of phase/precise feeding, however, is limited by several issues:
-Data on ingredient variation and the reliability of matrix values need to be updated on continuous basis.
-More data on digestible amino acids, at least in the major raw materials, are needed.
-Information is needed on the comparative digestibility of amino acids for different classes of chickens -layers and broilers of different age groups. In particular, it is known that digestibility of various nutrients and metabolisable energy during week 1 is lower compared to older birds (Noy and Sklan, 1995; Thomas et al., 2008; Tancharoenrat et al., 2010 ).
-Information on metabolisable energy and digestible amino acid requirements for different classes of poultry is seriously lacking.
-Finally, it is unfortunate that we do not have objective rapid tests, which the industry can use to estimate metabolisable energy/digestible amino acids as the raw materials are received at the feed mill.
FUTURE DIRECTIONS IN POULTRY NUTRITION
Future directions in poultry nutrition will be driven by ongoing changes in world animal agriculture and by societal issues. Sometime in the future, we may have to modify feed formulations to accommodate not only science-based needs but also the needs of the society. The impact of social issues (antibiotic growth promoters, environment, welfare, traceability, use of meat and bone meal and genetically modified ingredients) will influence the decision-making from farm level to retail distribution of poultry products (Leeson, 2007) .
Additives of Interest for the Future 1) Feed Enzymes -Next Generation
In the future, there will be more pressure to extract every kcal of energy and every unit of nutrients. A combination of strategies has to be employed and exogenous feed enzymes Advances in enzyme technology will continue and one can expect that better forms of enzymes will be developed in the future (Bedford and Partridge, 2001 ). The 'next-generation' enzymes will be close to being 'perfect', with high specific catalytic activity (per unit of protein), good thermostability, high activity under wide ranges of gut pH, resistance to proteolysis and good stability under ambient temperatures. Technologies are being evolved to maintain enzymes activity in their dry enzyme products in order to protect them from the heat, moisture and high pressures generated during feed processing and number of thermo-stable enzymes, especially phytases, is now commercially available (Amerah et al., 2011) .
Given the ever-increasing cost of raw materials and low enzyme costs, there is also considerable opportunity to extract more nutrients with unconventionally high doses of enzymes.
In particular, the beneficial effects of super-doses of microbial phytase have been shown to be substantial and consistent (Cowieson et al., 2011) .
2) Alternatives to Antibiotic Growth Promoters
The ban in the European Union and different degrees of voluntary withdrawal in other parts of the world on the use of antibiotic growth promoters (AGP) will put extra pressure on the gut health and general health of animals. Currently, there is increasing focus on alternatives to sustain good gut flora and gut health, and potential alternatives include enzymes, probiotics, prebiotics, essential oils, botanicals and organic acids. In the last 10 years, these products have been widely tested and the evaluation will continue in the future. Exhaustive reviews are available on AGP alternatives and large volume publications are accumulating on their influence in modifying gut microflora profile and animal performance (Partanen and Mroz, 1999; Dibner and Buttlin, 2002; Patterson and Burkholder, 2003; Ricke, 2003; Dibner and Richards, 2005; Gianneanas, 2008; Yang et al., 2009 ). The scientific literature indicates that the alternatives exert beneficial gut health effects on the host, but the effects of their administration on animal performance are variable. One major weakness is that most scientific data come from studies conducted under controlled experimental conditions that often are not repeated when the products are applied under commercial conditions. Furthermore, AGP alternatives are currently more costly than conventional AGP programmes (Table 4) ; this is at a time when consumers are demanding lower food prices, coupled to improved quality and food safety.
In summary, most alternatives have been shown to 'mimic' From Huyghebaert et al. (2011) .
the working effects of AGP on gut flora, none of the current generation of AGP alternatives, on their own, are capable of fully replacing them. This is not to suggest that they should be discounted because they may well have a significant role to play within combination products. For example, there is suggestion that synergistic effects may be expected if probiotics and prebiotics are administered in combination (Roberfroid, 1998).
A major problem faced by the commercial nutritionists is that, within each class of alternatives, numerous products are available in the market and their efficacy is variable. There is an urgent need to standardise the methodology to evaluate AGP alternatives and to optimise animal responses varying conditions. As noted by Huyghebaert et al. (2011) , the main characteristic of a good AGP alternative is practicality; it must consistently improve animal performance. To achieve this, in addition to the alternatives, combination of other strategies including modifications in husbandry and nutritional management need to be considered to promote gut health and good gut flora (Mateos et al., 2002; Dahiya et al., 2006) , and these may include, ․Use of highly digestible pre-starter diets ․Use of lower dietary protein levels and better balance of amino acids ․Use of coarse particle size or whole grain feeding to enhance gizzard development ․Maintenance of good litter quality ․Stocking density, improved climate control etc.
Gut integrity is a neglected aspect of gut health, but is equally important as good microflora balance. Intestinal integrity for commercial poultry can be defined as the maintenance of intestinal health to enable the expression of the full genetic potential for growth and yield, and to fully utilize the dietary nutrients. Normal flora plays an important role in maintaining gut structure, strengthening the gut mucosal barrier and protein metabolism of the gut. In situations where the profiles are shifted by pathogenic flora (e.g. clostridium, coliforms), there is significant damage to the mucosal layer and the barrier function. Coccidiosis is another major cause of poor gut integrity and an effective anti-coccidial programme must be in place. Raw material quality is another contributing factor for poor gut integrity. Substances (e.g. mycotoxins) or raw materials (e.g. fibrous feeds) that can irritate the gut must be closely monitored.
3) Crystalline Amino Acids
Protein is a costly item in poultry diets, so maximising the efficiency of protein and amino acid utilisation is very important. Geneticists have done their part in providing current strains of poultry that are capable of producing protein gain at greater efficiencies than ever before. The challenge to the nutritionists is to sustain these improvements in genetic potential by refining the amino acid nutrition of poultry. In this context, the commercial availability of crystalline amino acids was a major development and, has enabled and will continue to assist the nutritionists, (ⅰ) To more precisely meet the ideal amino acid profile and, to improve the performance and yield of high -producing current strains.
(ⅱ) To use digestible amino acids, rather than total amino acids, as the basis of feed formulations (Lemme et al., 2004) . The use of digestible amino acids will become particularly relevant as we start using range of nontraditional alternative ingredients that are poorly digestible. Formulating diets based on digestible amino acids makes it possible to increase the diversity and inclusion levels of non-traditional ingredients, despite the fact that they may contain less than optimal natural amino acid profiles and are poorly digested. This will facilitate the dietary creation of "ideal" protein. 
Sustainability in Poultry Production
With increasing public interest over environment, the reduction of nutrient excretion in effluents from intensive animal operations has now become a major issue. Not long ago, when feeds were formulated, the main objective was how to supply the nutrients (nutrient input). Today there is much public concern about what comes out of the bird (nutrient output). Animal agriculture, including commercial poultry sector, clearly has a problem of releasing excess nutrients into the environment and it must assume ownership of its impact on environment, especially water quality.
From the nutrition point of view, the most obvious strategy is to feed the bird to match the requirement and to improve the efficiency of nutrient utilisation by the bird, which in turn will reduce nutrient load in the manure. Among the other possibilities to improve the nutrient utilisation efficiency, the use of feed enzymes is most promising.
Alternative Raw Materials
It is projected that the global demand for poultry continue to increase over the next decade and such a growth will have a profound effect on demand for feed and raw materials. It is also becoming clear that the requirements for traditional raw materials, both energy and protein sources, cannot be met even with optimistic forecasts. The first strategy available to the in- (Table 5) .
Once these non-traditional feedstuffs are characterised, the next step is to examine ways to maximise their value by judicious use of additives such as feed enzymes, supplemental crystalline amino acids etc. Given that high fibre and NSP levels may be limiting the availability of nutrients in most of these ingredients, development of appropriate enzyme combinations targeting the fibre fraction (mannanases, cellulases) will be crucial.
Raw material quality, especially the variability, had always been a major constraint in the feed industry. As feed prices skyrocket, quality control and assurance will become more important and the industry will need to invest on quality issues. Clearly it is not possible to improve the quality of raw materials after the delivery to the mill. It logically follows that any improvement in quality can be achieved done only by working closely with the supplier. This will be relevant for all raw materials, including mineral sources, additives and premixes. The investment on rapid tests for available nutrients (not gross nutrients) will also become urgent. Research is warranted to develop rapid and reliable in vitro assays for available nutrients (e.g. metabolisable energy, digestible amino acids)
that meet the needs of the feed industry on an on-going basis. Such collaboration across scientific areas should continue in the future and will be necessary for the industry not only to improve production efficiency but also to address issues of food safety, environmental stewardship and bird welfare. 
Basic Research into Barriers to Digestion
